1996; Yao and Cooper, 1996; Dudek et al., 1997; Franke et al., 1997; Kennedy et al., 1997; Songyang et al., 1997) . The endothelial cell-specific mitogen, vascular endothelial growth factor (VEGF), has been shown to induce PI 3-kinase activity in a variety of endothelial cells and to be a key positive regulator of angiogenesis (Guo et al., 1995; Xia et al., 1996; Kevil et al., 1998) . Additionally, it has been demonstrated that VEGF also promotes activation of PKB/Akt, FAK, mitogen-activated protein kinase (MAPK) and phospholipase Cγ (PLCγ) (Abedi and Zachary, 1997; Wu et al., 2000) . Furthermore, integrins cooperate with VEGF receptor to promote the activation of an in vitro angiogenic program in endothelial cells (Byzova et al., 2000) . However, so far a biological function for ILK in endothelial cells has not been demonstrated.
In this study we investigated the influence of a dominant negative, kinase-deficient ILK (ILK-KD) or antisense oligonucleotides against ILK (ILK-AS) on different steps of angiogenesis in human umbilical vein endothelial cells (HUVEC). We found that VEGF induced phosphorylation of PKB/Akt on serine 473, but not threonine 308, and the phosphorylation was suppressed by ILK-AS. Using several approaches, we demonstrate a critical role for ILK in endothelial cell function.
Materials and Methods
Cell culture and reagents HUVEC, normal lung cells (CCD-8Lu), and normal hepatocytes (Cell System-Hc cells) were obtained from Cell Systems (Kirkland, WA) and were maintained in CS-C medium containing 10% fetal calf serum, according to the instructions of the supplier. Four human prostate cancer cell lines, DU-145, LNCaP, PC-3 and TSU-Pr1, were grown in RPMI 1640 supplemented with 10% fetal calf serum. All cells were passaged in 5% CO2 at 37°C. Recombinant human vascular endothelial growth factor (rhVEGF) and recombinant human epidermal growth factor (EGF) were purchased from R&D Systems (Minneapolis, MN). Anti-PKB/Akt, anti-phospho-PKB/Akt (serine 473) and anti-phospho-PKB/Akt (threonine 308) were obtained from Cell Signaling Technology (Beverly, MA). Anti-VEGFR-2 and antiphosphotyrosine (PY99) antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Cellmatrix type I-A was from Nitta Gelatin Co. (Tokyo, Japan). LY294002, a selective phosphatidylinositol 3-kinase inhibitor, was obtained from Calbiochem (San Diego, CA).
Real time quantitative PCR Isolation of total RNA was performed using TRIzol solution (Life Technologies Inc, Grand Island, NY). For reverse transcription, 1 µg of total RNA was converted into cDNA by AMV reverse transcriptase at 42°C for 1 hour in a 20 µl RT reaction. ILK mRNA was quantified by the dual-labeled fluorogenic probe methods. In brief, PCR amplification reaction mixtures (25 µl) contained cDNA, ILK forward primer (5′-TTT GCA GTG CTT CTG TGG GAA-3′), reverse primer (5′-CTA CTT GTC CTG CAT CTT CTC-3′), dual-labeled fluorogenic probe (5′-FAM TCA TGT GTG TAA GCT CAT GAA GAT CTG CAT TAMRA-3′), and TaqMan Universal PCR Master Mix (PE Applied Biosystems, Foster City, CA). Thermal cycle conditions included holding the reactions at 50°C for 2 minutes and 95°C for 10 minutes, and cycling for 40 cycles between 95°C for 15 seconds and 60°C for 1 minute. Results were collected and analyzed with an ABI Prism 7700 Sequence Detector System (PE Applied Biosystems). Final quantitation is reported as the absolute copy number of ILK transcripts per µg of total RNA. cDNA vectors, site-directed mutagenesis and transfection The CMV promoter-driven expression vectors containing full-length ILK wild-type (ILK-WT) cDNA or antisense ILK cDNA sequences were constructed using pcDNA3 expression vector (Invitrogen, Carlsbad, CA). Mutation was introduced into ILK-WT pcDNA3 using GeneEditor in vitro Site-Directed Mutagenesis System (Promega), according to the manufacturer's instructions. Mutant oligonucleotide (with the altered nucleotide underlined) was used to change glutamic acid at position 359 to a lysine (E359K, 5′-TGG GTA GCC CCC AAA GCT CTG CAG AAG-3′) within the kinase domain (Persad et al., 2001 ). The mutant clone was confirmed by sequencing. Transient transfections were performed with FuGENE6 Transfection Reagent (Roche Molecular Biochemicals) 18-24 hours before VEGF stimulation, according to the manufacturer's instructions.
Morphogenesis assay on collagen type I gel Cellmatrix type I-A (150 µl) was added to the each well of 48-well culture plates and then incubated at 37°C for 1 hour to solidify the gel. HUVEC (1.5×10 4 cells) were transfected as above with empty vector or vector containing cDNA encoding ILK-KD, and then plated. 18 hours after plating, cells were stimulated with 30 ng/ml of rhVEGF and incubated at 37°C for 8 hours. The cells were stained with Giemsa dye and formation of the capillary-like tubes was evaluated by imaging system (KS400 ver. 2.0, Carl Zeiss Vision K. K.). Results are presented as the mean ± s.d. of eight fields derived from two wells.
Assay for cell adhesion to collagen type I HUVEC were suspended in serum-free CS-C medium at 5.0×10 4 cells/well and incubated with or without rhVEGF for the indicated periods. The plates were washed with PBS twice, and 200 µl of medium containing WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium•Na] was added to each well. The plates were read at a wavelength of 405 nm 2 hours after WST-1 addition. HUVEC adhesion was expressed as the mean ± s.d. of three wells.
Immunoblot analysis
Immunoblot analysis was performed as previously described (Basaki et al., 2002) . Briefly, HUVEC stimulated with 30 ng/ml of rhVEGF were lysed in a lysis buffer (pH 7.4) containing 20 mM Tris-HCl, 1% Triton X-100, 50 mM each of NaCl and NaF, 5 mM EDTA, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, and 10 µg/ml each of aprotinin and leupeptin. The lysates were separated by SDS-PAGE, and then transferred to a nitrocellulose membrane. The membrane were incubated with the primary antibody and visualized with secondary antibody coupled to horseradish peroxidase (Cell Signaling Technology) and SuperSignal ® West Pico Chemiluminescent Substrate (Pierce, Rockford, IL).
ILK kinase assay HUVEC stimulated with 30 ng/ml of rhVEGF were lysed in a lysis buffer. The lysates were precleaned with protein A-sepharose (Amersham Pharmacia Biotech UK Ltd., Buckinghamshire, UK), and then incubated with anti-ILK antibody (Upstate Biotechnology, Inc., Lake Placid, NY) at 4°C for 12 hours. After incubation, immune complexes were collected with protein A-sepharose. The immunoprecipitated ILK was incubated for 30 minutes at 30°C in a total volume of 50 µl of kinase reaction buffer (20 mM Hepes, pH 7.0, 10 mM MgCl2, 10 mM MnCl2, 2 mM NaF, 1 mM Na3VO4, 100 µM ATP) in 96-well Reacti-Bind Metal™ Chelate Plate (Pierce) coated with his-tagged PKB/Akt, unactive (Upstate Biotechnology, Inc.). Phosphorylation of PKB/Akt was detected using anti-phospho-PKB/Akt (serine 473), secondary antibody coupled to horseradish Role of ILK in vascular morphogenesis peroxidase (Cell Signaling Technology) and SuperSignal ® ELISA Pico Chemiluminescent Substrate (Pierce). Chemiluminescence was measured using a WALLAC 1420 Multilabel Counter. Results are presented as the mean ± s.d. of four wells.
Analysis of apoptosis
For fluorescence-activated cell sorting analysis, cells were stained by fluorescein isothiocyanate-conjugated annexin-V. Annexin-V-positive cells are early apoptotic cells. Cells were cultured in 6-well plates for the indicated period with or without 30 ng/ml of rhVEGF. Immediately after harvest, cells were washed twice with PBS, and cells were stained using the annexin-V-FLUOS staining kit (Roche Molecular Biochemicals) according to the manufacturer's protocol. Analysis was carried out using a FACScan™ flow cytometer within 1 hour of staining. 30,000 events were analyzed using CELLQuest™ software (Becton Dickinson).
Caspase-3/7 assay Caspase-3/7 activities were measured by Apo-ONE TM Homogeneous Caspase-3/7 Assay (Promega). Briefly, cells plated in 96-well plates at a density of 2.0×10 4 cells/well were lysed with an equal volume of lysis buffer containing caspase substrate, Z-DEVD-R100, and incubated at room temperature for 1 hour. The aliquots (150 µl) were transferred to white 96-well plates, and the fluorescence from each well was measured at an excitation wavelength of 485 nm and an emission wavelength of 535 nm using a WALLAC 1420 Multilabel Counter. Results are presented as the mean ± s.d. of three wells.
Cell proliferation assay
Cell proliferation assay was carried out using a Cell Counting Kit (Wako Pure Chemical Industries ltd., Osaka, Japan). In brief, cells were plated in triplicate in 96-well plates at a density of 2.0×10 4 cells/well in CS-C medium. Following overnight culture, rhVEGF was added to a final concentration of 30 ng/ml, and the cells were incubated for 48 hours. After 48 hours, WST-1 was added and the cells were incubated for a further 3 hours. The plates were read at a wavelength of 405 nm using a Microplate Reader Model 3550 (BioRad, Richmond, CA). Results are presented as the mean ± s.d. of three wells.
Chemotactic migration assay
Chemotactic migration of HUVEC was performed in a modified Boyden chamber using the method reported by Grotendorst et al. (Grotendorst et al., 1981) . Briefly, the chemotactic response of the cells was assayed using 24-well chemotaxis chambers with upper and lower wells (Becton Dickinson) and 8 µm-pore size polycarbonate filters placed between wells. HUVEC (5×10 4 cells/200 µl) transfected with empty vector or vector containing cDNA-encoding ILK KD were applied to the top wells and incubated at 37°C for 18 hours in 5% CO2. rhVEGF was added to the upper chamber and the migration was assessed by counting the number of cells that migrated to the lower side of the filter membrane after 5 hours incubation. Migrated cells were fixed with methanol and stained with Giemsa dye. The assays were performed in triplicate and the numbers of migrated cells were counted in seven fields per filter using the imaging system.
Results

Effect of ILK-KD on the vessel morphogenesis of endothelial cells in vitro
The expression of ILK has been demonstrated in various types of tumors, including prostate, breast, colorectal and lung, as well as in normal tissue (Ishii et al., 2001; Friedrich et al., 2002) . Initially, we measured the expression levels of ILK mRNA in HUVEC. There were found to be 1.6×10 5 copies/µg total RNA (Table 1) . Moreover, the differences in expression levels of the gene were minimal among cell lines tested, which included HUVEC, normal lung cells and normal hepatocytes, ranging from 1.6×10 5 to 2.8×10 5 copies/µg total RNA. In contrast, the expression levels of ILK mRNA in prostate cancer cells such as DU-145, LNCaP, PC-, and TSU-Pr1 were relatively higher than in HUVEC.
Next, experiments were designed to evaluate whether VEGF-induced vessel morphogenesis in collagen type I gel was mediated by ILK. VEGF induced formation of capillarylike tubes in a concentration-dependent fashion, from 10 to 100 ng/ml, in HUVEC (Fig. 1A) . Although tube length was not significantly affected by the transfection of an empty vector, VEGF-triggered capillary-like tube formation was abrogated by ILK-KD. Additionally, treatment with LY294002 (10 µM) strongly inhibited tube formation (Fig. 1B) .
It has been reported that one of the central systems in capillary formation is the adhesion of cells to extracellular matrix (ECM) via integrin/ECM binding (Gamble et al., 1993; Beck and D'Amore, 1997) . To determine whether ILK is involved in VEGF-induced increases in cell adhesion, we assessed the effect of ILK-KD on HUVEC adhesion to collagen type I. The addition of VEGF increased cell attachment in a concentration-dependent manner from 10 to 100 ng/ml in HUVEC ( Fig. 2A) , so the inhibitory activity of ILK-KD and LY294002 on cell adhesion was tested with a VEGF concentration of 30 ng/ml. Although VEGF-enhanced cell adhesion was not significantly affected by the transfection of an empty vector, cell adhesion was partially suppressed by ILK-KD to 53.0%, compared with the VEGF-treated control. Additionally, treatment with LY294002 (10 µM) also inhibited adhesion to 55.0% of the control (Fig. 2B) . These results indicate that ILK and PI 3-kinase play important roles in the endothelial cell morphogenesis induced by VEGF stimulation.
Phosphorylation of Akt is abrogated by ILK inhibition in HUVEC It has been reported that activation of PKB/Akt is mediated in several growth factor signaling pathways. Experiments were designed to evaluate whether VEGF-induced PKB/Akt The quantification was based on the increased fluorescence detected by the ABI Prism 7700 sequence detection system resulting from hydrolysis of the target-specific probes by the 5′ nuclease activity of the AmpliTaq Gold during PCR amplification. Results are present as the mean±s.d. phosphorylation was mediated by ILK. HUVEC were incubated in the absence or presence of VEGF, and phosphorylation of PKB/Akt was detected by immunoblot analysis using anti-phospho-PKB/Akt (serine 473) and antiphospho-PKB/Akt (threonine 308). As shown in Fig. 3A , VEGF induced phosphorylation of PKB/Akt on serine 473, but not on the threonine 308 residue in HUVEC. To determine the involvement of ILK on this serine 473 phosphorylation, we performed transient transfections with vectors containing ILK-KD or antisense ILK (ILK-AS). ILK-AS suppressed VEGFinduced PKB/Akt phosphorylation on the serine 473 residue with reduction of expression level of ILK protein (Fig. 3B) . ILK-KD also inhibited the serine 473 phosphorylation of PKB/Akt.
It has been suggested, from several studies, that ILK may not be a bona-fide protein kinase for PKB/Akt, or any other substrate. We therefore examined whether VEGF increases ILK kinase activity, phosphorylating PKB/Akt in HUVEC, by using his-tagged PKB/Akt as a substrate. As shown in Fig. 3C , maximal activation of ILK kinase activity in the cells occurred 5 minutes after VEGF stimulation, and then rapidly disappeared. ILK-KD could behave as a dominant negative, because ILK kinase activity and serine 473 phosphorylation of PKB/Akt were suppressed by ILK-KD. Moreover, the kinase activity was prevented by ILK-AS (Fig. 3D) . It is well known that activated VEGFR associates with adaptor molecules including Nck, Grb2 and PI 3-kinase. We examined whether ILK is able to associates with the VEGFR complex in VEGFstimulated HUVEC. The experimental data shown in Fig. 4A demonstrate that VEGF induced ILK recruitment to the VEGFR complex. In addition, ILK kinase activity was inhibited by treatment with 10 µM LY294002 (Fig. 4B) . These data indicated that the PKB/Akt serine 473 phosphorylation step in the VEGF signaling pathway was mediated by ILK protein kinase. the presence of 30 ng/ml VEGF for 48 hours and their annexin-V binding activity analyzed using flow cytometry (Fig. 5) . The percentage of annexin-V + cells reached 45.1% in the nontreated HUVEC, whereas only 13.3% of the cells were labeled with annexin-V when the cells were treated with VEGF. To demonstrate the involvement of ILK in the anti-apoptotic effect of VEGF, ILK was specifically inhibited by the expression of ILK-AS. Of the cells transfected with ILK-AS vector, 45.9% were positive for annexin-V binding, thus indicating that ILK is involved in the apoptosis-suppressing effect of VEGF. Caspase activity is known to increase during the early stage of apoptosis (Salvesen and Dixit, 1996; Sgorbissa et al., 1999) . To further our investigation, the cells were cultured in the absence or the presence of 30 ng/ml VEGF for 48 hours and caspase-3/7 activity was measured. As shown in Fig. 6 , activation of caspase-3/7 was induced in HUVEC by serum starvation, and this activation was suppressed to 37.8% by the addition of VEGF. Inhibition of ILK by transfection of the vector containing ILK-KD or ILK-AS reversed the effect of VEGF, resulting in an increase in active caspase-3/7 levels, while caspase-3/7 activities of empty vector-treated cells were similar to the activities of VEGF-treated controls. Furthermore, treatment with 10 µM LY294002 also reversed the VEGFmediated decrease in caspase activities. These data indicate that the survival effect of VEGF was mediated by the inhibition of caspase-3/7 activity via ILK signaling.
ILK is involved in proliferation induced by VEGF
A number of studies have demonstrated that VEGF is a potent angiogenic factor inducing proliferation, chemotactic migration, and morphological changes in vascular endothelial cells (Guo et al., 1995; Xia et al., 1996; Kevil et al., 1998; Basaki et al., 2001) . We further investigated the role of ILK in HUVEC proliferation induced by VEGF. The cells were cultured in the absence or presence of VEGF for 48 hours, and viable cells were measured by WST assay. As shown in a representative experiment in Fig. 7 , VEGF induced a proliferative response of approximately 1.6-fold in HUVEC. VEGF-induced proliferation was suppressed by transfection of ILK-AS. In contrast, in the absence of VEGF, the expression of antisense ILK did not affect the surviving cells.
VEGF-driven chemotactic migration is suppressed by ILK-KD
The migration of HUVEC was studied using a modified Boyden chamber method, in which the endothelial cells migrate through a porous membrane toward a stimulus, in this case VEGF. We investigated the inhibitory activity of ILK-KD and LY294002 on the migration of cells placed in the upper part of the chamber, with the lower part of the Boyden chamber containing medium supplemented with 30 ng/ml of VEGF. The results of this experiment are shown in Fig. 8 . The migration of HUVEC stimulated with VEGF was increased compared to control medium (53.7±8.3 cells/field). Transfection of ILK-KD vector decreased migration by 82.2% compared with the control. Furthermore, treatment with 10 µM LY294002 strongly inhibited HUVEC migration. These data imply that ILK was involved in the VEGF signal transduction mediating the chemotactic migration.
Discussion
ILK is a serine/threonine protein kinase that interacts with the β1 or β3 integrin subunit via the carboxyl terminal region of its kinase catalytic domain, thereby mediating integrin signal transduction. Various integrin signaling pathways collaborate with VEGF receptor signaling in the activation of an in vitro Caspase-3/7 activation was then induced by serum starvation in the presence or absence of 30 ng/ml of rhVEGF for 48 hours. Caspase-3/7 activities were measured by Apo-ONE TM Homogeneous caspase-3/7 assay, as described in Materials and Methods. The stimulation of endothelial cells by various growth factors, such as VEGF or fibroblast growth factor-2, is required for the multi-step process of angiogenesis (Cronauer et al., 1997; Kumar et al., 1998; Shibusa et al., 1998) . VEGFR-2 is a receptor tyrosine kinase, which is responsible for the angiogenic activity of VEGF. The binding of VEGF to this receptor leads to its activation through the phosphorylation of a tyrosine residue (Heldin, 1995) . Activated VEGFR-2 associates with adaptor molecules such as insulin receptor substrate-1, Shc, Grb2, Nck, PLCγ and SHP-1, and the formed transductsome mediates the activation of PI 3-kinase, MAPK, Jun-N-terminal kinase (JNK) and FAK (Ellis et al., 1990; Terman et al., 1991; Settleman et al., 1992; Waltenberger et al., 1994; Seetharam et al., 1995; Takahashi and Shibuya, 1997) . However, VEGF-driven, capillary-like tube formation in HUVEC was not affected by PD98059 or SB203580, selective inhibitors of Erk and p38MAPK, respectively (data not shown). Morphological changes of HUVEC, induced by VEGF, were inhibited by ILK-KD as well as by LY294002, a selective inhibitor of PI 3-kinase. Our data indicated the involvement of PI 3-kinase in the VEGF signaling pathway, mediating morphological changes in HUVEC. PI 3-kinase phosphorylates specific phosphoinositides to generate the lipids PtdIns(3,4)P2 and PtdIns(3,4,5)P3. These phosphorylated products bind to PH domains of downstream effector enzymes such as phosphoinositide-dependent kinase-1, PKB/Akt and the ζ-type protein kinase C (Nakanishi et al., 1993; Wymann and Pirola, 1998; Standaert et al., 2001 ). Furthermore, ILK activity is stimulated in a PI 3-kinasedependent fashion by the binding of PtdIns(3,4,5)P3 to the PH-like motif at the carboxyl-terminal of the ANK repeat of ILK (Dedhar, 2000) . We show for the first time that the VEGFinduced morphological changes in HUVEC are inhibited by ILK-KD, which is a mutant form with glutamic acid 359 in the kinase domain replaced by a lysine. The mutant functions as a potent dominant negative (Huang et al., 2000; Somasiri et al., 2001) . Therefore, we conclude that PI 3-kinase/ILK signaling is important in the morphological changes of endothelial cells.
ILK fulfills many of the properties of an upstream regulator that phosphorylates PKB/Akt and GSK-3β. The phosphorylation of PKB/Akt on the serine 473 residue is highly inducible by a number of different growth factors, whereas threonine 308 phosphorylation is largely constitutive Downward, 1998) . We confirmed that VEGF stimulation induced phosphorylation of serine 473 but not threonine 308 in HUVEC. In addition, this phosphorylation was suppressed by transfection of antisense ILK or ILK-KD. These studies are in agreement with findings that ILK phosphorylates PKB/Akt on serine 473 in growth factor signaling pathways. In our apoptosis assay, we found decreased levels of VEGF-dependent survival activities when the cells were transfected with ILK-AS. It has previously been demonstrated in fibroblasts, neuronal cells, and others that a variety of growth factors rapidly activate PKB/Akt via PI 3-kinase activation, and that activated PKB/Akt promotes survival. VEGF also exhibits anti-apoptotic activity through the phosphorylation and activation of PKB/Akt in endothelial cells. PKB/Akt increases survival through several pathways, resulting in the downstream inhibition of processing and activation of caspases (Barber et al., 2001; Chang et al., 2001; Stratford et al., 2001) . In homogeneous caspase-3/7 assays, we showed that the activities of caspases were decreased by VEGF stimulation, and that ILK inhibition by transfection of ILK-KD or ILK-AS reversed this decrease. Additionally, we demonstrated that LY294002 also reversed the decrease in caspase activities. The current studies suggest that ILK may function as a component of a signal transduction pathway regulating endothelial cell survival mediated by PKB/Akt.
In addition to the morphological changes of endothelial cells, different steps such as cell adhesion to ECM, cell proliferation, and chemotactic migration are involved in the angiogenesis program. These steps are promoted by the stimulation of various angiogenic factors, including VEGF. We report that VEGF enhanced the attachment of HUVEC to collagen type I in a concentration-dependent manner, and this attachment was suppressed by the transfection of ILK-KD. ILK is located in the focal adhesion area and functions in integrin-mediated cell adhesion through an association with cytoskeletal components (Nikolopoulos and Turner, 2001; Yamaji et al., 2001; Tu et al., 2001) . In endothelial cells, as well as other various types of cells, integrins play a central role in cell attachment to ECM, and mediate signal transduction through the cell membrane in both directions: 'outside-in signaling' and 'inside-out signaling'. The binding of integrins to ligands regulates cellular functions through associations between integrin β tails and binding partners such as ILK, talin, α-actinin, FAK, paxillin, Grb2 and Shc Law et al., 1996) . We conclude that ILK may partially function in the cell-ECM adhesion of endothelial cells promoted by VEGF. Both proliferation and migration of endothelial cells increased by growth factors are also important phenomena in angiogenesis. Actually, it has already been reported that these biological responses were promoted by VEGF, one of the angiogenesis molecules, in endothelial cells. Two major signaling cascades, PI 3-kinase and MAPK, known to mediate proliferation and migration, are activated by VEGF (Gerber et al., 1998; Doanes et al., 1999; Takahashi et al., 1999) . Since ILK-KD suppressed both proliferation and chemotactic migration promoted by VEGF, the PI 3-kinase/ILK/Akt pathway may support migration in endothelial cells. The MAPK pathway did not play a role in HUVEC migration, since PD98059 did not block cell migration (data not shown). It should be noted that ILK has the ability to support both chemotactic migration and cell proliferation mediated by VEGF in endothelial cells.
In summary, our findings provide evidence that VEGFinduced morphogenesis in endothelial cells is mediated by PI 3-kinase/ILK signal transduction pathways. Moreover, we have demonstrated a role for ILK in VEGF survival signals through the inhibition of caspase activation. Further examination of this ILK signaling pathway may yield targets for anticancer therapy aimed at inducing blood vessel regression and endothelial cell apoptosis.
